A correlation of myelotoxic effect with concentration or a foreign compound of its metabolite at the site of action may provide useful insights into the mechanism of toxic action and/or its amelioration. This correlation requires sensitive and specific assay methods. This communication describes useful methods for the study of benzene disposition in rodents. The assays are sensitive, specific, and rapid. They rely on gas chromatography-mass spectrometry and on high performance liquid chromatography. These methods have allowed measurement of catechol, phenol, and hydroquinone in samples of rodent bone marrow following inhalation exposure to benzene. Their application to the study of benzene metabolism in rat bone marrow in situ is also described.
Introduction
The study of myelotoxicity, like the study of other forms toxicity, requires a thorough knowledge of the disposition of the toxicant under investigation. The ultimate goal is the identification of the proximal toxicant and a description of the interactions of that toxicant with cellular constituents of the target issue. Properly designed disposition studies can yield useful information on the structure and concentration of putative proximal toxicants at the site of action. In this respect, disposition studies of myelotoxic agents are similar to disposition studies of any other type of toxic agent.
Analysis for myelotoxic agents and their metabolites in the target tissue does, however, present some interesting problems. The scarcity of bone marrow tissue in rodents requires extremely efficient and sensitive methods for analysis. The studies described here were done with benzene. In addition to problems associated with sampling and analysis of small amounts of tissue, benzene and its metabolites pose analytical problems because of their volatility, instability, and/or highly polar nature. June 1981 Successful circumvention of some of these problems has been accomplished with combined gas chromatography-mass spectrometry and high performance liquid chromatography. We have used these techniques to describe the pharmacokinetics of benzene after inhalation exposure in rats (1) to demonstrate that bone marrow has metabolic activity toward benzene (2), and to begin to correlate benzene metabolism in vitro with alterations in in vivo benzene toxicity produced by pretreatment with other foreign compounds (3).
Methods and Results
Male, Fischer-344 rats (200-250 g) were exposed to 500 ppm benzene in a 1100 liter dynamic air flow chamber for 6 hr. The time required for benzene concentration to reach 99% of the target concentration was 20.3 min. At the end of the exposure period the animals were removed. Groups of three were sacrificed by decapitation 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, and 9 hr after removal. Heparinized blood, perirenal fat, and bone marrow were analyzed for benzene. The goals in developing a method for benzene in these tissues included sufficient sensitivity to measure benzene in bone marrow, specificity sufficient to ensure that endogenous compounds did not interfere with the measurement, and a minimization of sample preparation so that the volatility of benzene would not lead to erroneously low values.
In order to correct for the volatility of benzene, deuterated (d6) benzene (Merck and Co., Inc., Quebec, Canada) was added as an internal standard immediately after removal of the tissues. Methanol (0.1 ml) containing 1 ,ug benzene-d6/ml was added to 0.1 ml blood. A 15 to 25 mg portion of bone marrow was mixed with 0.1 ml methanol containing 1 ,ug benzene-d6/ml. All other tissues were homogenized on ice in 3 ml methanol (containing 1 ,ug benzened6Iml)/g of wet weight tissue. All samples were sonicated and mixed then centrifuged at 1500g for 15 min. Then 1-5 ,il of the supernate was injected onto the gas chromatograph-mass spectrometer (Finnegan 4021, Finnegan Corp., Sunnyvale, Calif.). The mass spectrometer was operated in the selected ion monitoring mode and alternately focused on m/e 78 (parent ion of benzene) and mle 84 (parent ion of benzene-d6). Reconstructed mass chromatograms of a typical standard are shown in Figure 1 . The gas chromatography column was Tenax GC (Suppleco, Inc., Bellafonte, Pa.) packed in a 2 m x 2 mm (i.d.) glass column. Helium carrier gas was admitted to the column at 20 ml/min. The column was temperature programmed from 190 to 225°C at a rate of 24°C/min. The ratio of the area under the peak at mle 78 to the area under the peak at mle 84 was plotted against the concentration of benzene in the standards (Fig. 2) . The standard curve was linear over final benzene concentrations of 100 ng/ml to 100 jig/ml. Thus, the method allowed quantitation of benzene at concentrations between 200 ng/ml and 200 ,uag/ml in blood, between 200 ng/g and 200 ,ug/g in bone marrow (if volumes injected onto gas chromatography-mass spectrometer were increased to 5 [lI), and between 400 ng/g and 400 ,ug/g in other tissues. Disappearance of benzene from blood, bone marrow, and perirenal fat is shown in Figure 3 .
Three metabolites of benzene, phenol, catechol, and hydroquinone, were measured in blood and bone marrow from the above rats. A 5-ml portion of methanol was added to 1.0 ml blood or 15-25 mg bone marrow. Methanol (0.1 ml) containing 1.0 jig phenol-d6/ml (Merck & Co., Quebec, Canada) was added to the mixture which was then mixed vigorously and centrifuged at 1500g for 15 min. The supernate was transfered to a clean tube and 0. Separation was accomplished with two DuPont Zorbax silica columns. The flow was programmed from 0.8 ml/min to 1.6 ml/min over 20 min. The solvent system used was 74.9% methylene chloride, 25% ethyl acetate, 0.1% methanol, with 100 [lI of 88% formic acid added per 100 ml solvent. A typical elution profile is shown in Figure 6 . Radioactivity co-eluted with phenol, catechol and hydroquinone. Concentrations of these compounds in blood and bone marrow from in situ perfusions are given in Table 2 .
The normal-phase separation of benzene metabolites was satisfactory, but the time-consuming and complicated sample preparation limited its utility in more extensive studies with more samples and lower amounts of radioactivity. We have now developed a reversed-phase high-performance liquid chromatographic procedure which allows samples to be injected in aqueous systems, thereby reducing sample handling and shortening analysis time. Trichloroacetic acid (125 pIu, 15% wlv) was added to an incubation mixture (0.9 ml). The 
Discussion
Several methods for studying the disposition of benzene have been described. Each has its particular advantages and disadvantages, and each could be modified to study the disposition of other myelotoxic agents as well. The mass spectrometric methods described have the disadvantage of requiring expensive equipment and trained operators, but their sensitivity, specificity and simplicity of sample preparation make them very attractive. Using these methods we were able to show that half-lives for bezene in all tissues studied (except perirenal fat) were similar and that benzene is concentrated in bone marrow and fat as well as in organs of metabolism and excretion, the liver and kidney. In addition, concentration of phenol in blood and bone marrow declined rapidly after termination of exposure, but catechol and hydroquinone did not. This suggests a possibility of accumulation of these two potentially myelotoxic metabolites.
While our gas chromatographic-mass spectrometric methods required that we decide in advance which compounds to quantitate, no such requirement was imposed by the high performance liquid chromatographic procedures employing radiolabelled benzene. These techniques allowed us to demonstrate the metabolism of benzene by bone marrow in situ and to study the in vitro metabolism of benzene, including conjugate formation.
As this publication is intended to be a description of methods available for the study of xenobiotic disposition, only brief examples of the data obtained
